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Department of Physiology and Biophysics, Virginia Commonwealth University School of Medicine, Richmond, VirginiaABSTRACT One major goal of ion channel research is to delineate the molecular events from the detection of the stimuli to the
movement of channel gates. For ligand-gated channels, it is challenging to separate ligand binding from channel gating. Here we
studied the cyclic adenosine monophosphate (cAMP)-dependent gating in hyperpolarization-activated cAMP-regulated (HCN)
channel by simultaneously recording channel opening and ligand binding, using the patch-clamp fluorometry technique with
a unique fluorescent cAMP analog that fluoresces strongly in the hydrophobic binding pocket and exerts regulatory effects
on HCN channels similar to those imposed by cAMP. Corresponding to voltage-dependent channel activation, we observed
a robust, close-to-threefold increase in ligand binding, which was more pronounced at subsaturating ligand concentrations
than higher concentrations. This observation supported the cyclic allosteric models and indicated that protein allostery can
be implemented through differentiating ligand binding affinities between resting and active states. The kinetics of ligand binding
largely matched channel activation. However, during channel deactivation, ligand unbinding was slower than channel closing,
suggesting a delayed response to membrane potential by the ligand binding machinery. Our results provide what we believe to
be new insights into the cAMP-dependent gating in HCN channel and the interpretation of protein allostery for general ligand-
gated channels and receptors.INTRODUCTIONAllosteric regulation of protein function has been a central
topic in the biophysical study of proteins with diverse func-
tions, from enzymes to ion channels (1). Two popular
models have been proposed for protein allostery: the
sequential induced-fit model (2) and the cyclic allosteric
models such as the classical Monod-Wyman-Changeux
model or the more recent preexisting equilibrium model
(3,4). The sequential induced-fit model claims that the
protein in the resting state does not bind to ligand, and,
when ligand is present, the interactions between protein
and ligand trigger a series of conformational changes that
result in ligand binding to the protein in the active state.
On the other hand, rooted in the theories of statistical
physics and protein energy landscape (5,6), cyclic allosteric
models postulate that the protein molecules in both resting
and active states coexist but bind to ligands with different
affinities. Ligand binding stabilizes the active state and
thus shifts the equilibrium of protein conformations from
resting to active state. The first postulate by the cyclic allo-
steric models—the coexistence of protein molecules in
different conformation and functional states—has been
confirmed for a number of protein enzymes (7,8) as well
as several types of ion channels. For example, the sponta-
neous transitions between closed and open states have
been reported for ionotropic acetylcholine receptors and
cyclic-nucleotide-gated channels (9,10). However, the
direct evidence to support the second postulate, that ligandSubmitted December 27, 2010, and accepted for publication January 21,
2011.
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0006-3495/11/03/1226/7 $2.00preferably binds to and stabilizes the protein in the active
state, has been largely missing. This is mainly due to the
technical difficulty in specifically dissecting out ligand
binding in different functional states (11).
A unique advantage of ion channel research is that the
transition between closed and open states can be recorded
at high temporal resolution by electrical approaches (12).
Ion channels mainly respond to two types of stimuli:
changes in membrane potential and ligand concentration
(13,14). Like many other ion channels, the hyperpolariza-
tion-activated cyclic adenosine monophosphate (cAMP)-
regulated (HCN) channel contains the machineries for
both voltage- and ligand-gating (15–18). Each HCN channel
subunit contains a transmembrane domain, homologous to
that of voltage-gated K channels, and a cyclic-nucleotide
binding domain (CNBD) in the C-terminus. Within the
transmembrane domain, the fourth transmembrane a-helix
(S4) contains a series of positive charges and functions as
the voltage sensor (19–22). On the other hand, intracellular
cAMP molecules directly bind to the CNBD and regulate
channel function (23,24). Thus, dually regulated by voltage
and ligand, HCN channels are ideal targets for studying
protein allostery (25–28). Relying on a fluorescent cAMP
analog as a marker for ligand binding, previous studies
have elegantly illustrated the correlation between ligand
binding and channel activity in cyclic-nucleotide-gated
and HCN channels (27,29). The experimental approach
was called patch-clamp fluorometry, which combines the
electrical recording of channel activities and the optical
recording of fluorescent signals (29–31). Evolved from the
earlier voltage-clamp fluorometry technique used in the
study of voltage-gated channels, patch-clamp fluorometrydoi: 10.1016/j.bpj.2011.01.034
PCF Study of cAMP-Gating in HCN Channel 1227has provided many insights into the mechanism of ligand
gating (31–33).
In this study we took advantage of a cAMP analog,
8-NBD-cAMP, which fluoresces strongly in the hydro-
phobic nucleotide binding pocket in HCN channels but
weakly in an aqueous environment. Compared with
cAMP, 8-NBD-cAMP has similar regulatory effect on
HCN channels. We aimed to test the cyclic allosteric model
for the ligand-gating in HCN channel and asked whether
cAMP binds to the active channel with a higher affinity
and thus stabilizes the channel in its active state. Moreover,
we improved the optical recording setup by focusing the
excitation light beam to an area just surrounding the
membrane patch region near the tip of the patch-clamp
pipette (34). Both measures improved the signal/noise ratio
of the optical recording in our study and helped us gain
further insights into the cAMP binding and regulation of
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8-NBD-cAMPMATERIALS AND METHODS
Purification of mouse HCN2 (mHCN2) protein
and biochemical binding assays
We cloned the DNA fragment containing the C-linker and CNBD of the
mHCN2 channel into pSMT3 vector and expressed it in E. coli BL21 cells.
After purifying the fusion protein using Ni-affinity chromatography, we
removed the His-Smt3 tag with Ulp1 protease and further purified the
mHCN2 protein with ion-exchange chromatography and size-exclusion
chromatography. The purified protein was concentrated to over 10 mg/
mL, flash-frozen in liquid nitrogen, and stored at 80C.
We did extensive dialysis to remove the residual cAMP molecules bound
to the mHCN2 protein before biochemical analysis. We first used
isothermal titration calorimetry (ITC) (iTC200 Microcalorimeter by Micro-
cal, Piscataway, NJ) to measure the binding affinity of cAMP and 8-NBD-
cAMP to purified mHCN2 proteins (35). The ITC method detects the heat
exchange during the interaction between ligand and protein molecules.
However, because it is not suitable for measuring weak binding such as
the binding of cAMP to mutant mHCN2 protein, we also used fluorescence
anisotropy to measure cAMP binding affinity to mHCN2. This assay is
based on the observation that for small fluorescent molecules, there is
a significant reduction in rotational diffusion upon binding to a much larger
protein molecule. The rotational diffusion of fluorescent molecules can be
monitored using polarized excitation light. Fluorescence anisotropy
changes as the concentration of protein being titrated. We incubated
different concentrations mHCN2 protein with 8-NBD-cAMP. Fluorescence
anisotropy was measured with the Beacon 2000 Fluorescence polarization
system (Invitrogen, Carlsbad, CA). The dissociation constants were derived
by fitting the binding curve with nonlinear regression analysis using PRISM
(GraphPad Software, La Jolla, CA).
Wavelength (nm)cAMP concentration (μM)
FIGURE 1 Comparing cAMP and 8-NBD-cAMP in the interactions with
the HCN2 protein. (A) (Left) Original trace showing the heat exchange rate
versus the time of cAMP injection. (Right) Binding curves showing the heat
exchange versus the ratio of ligands to HCN2 protein. (B) Comparing the
dose-response curves for cAMP (black, K1/2, 0.13 5 0.04 mM) and
8-NBD-cAMP (red, K1/2, 0.105 0.01 mM) in shifting the V1/2 of the func-
tioning mHCN2 channel. (C) Excitation and emission spectra of 8-NBD-
cAMP (5 mM) in complex with mHCN2 protein at different concentrations:
10 (red), 1 (green), 0.1 (blue), and 0.01 mM (magenta). Fluorescence inten-
sity unit is in 105 a.u.Patch-clamp fluorometry
For patch-clamp recording, we expressed mHCN2 channel in Xenopus
oocytes. We injected 40–50 ng of cRNA into each stage VI oocyte. Macro-
scopic HCN channel current was recorded with the inside-out configuration
at room temperature after 2–3 days of incubation at 17C. We used the
following pipette/bath solution: KCl, 107 mM; MgCl2, 1 mM; EGTA,
1 mM; HEPES, 10 mM; pH 7.4 adjusted with KOH. In some experiments,
we replaced the KCl by KAsp in the bath solution to improve patch stability.
No significant differences were noticed between two solutions.The patch-clamp fluorometry setup was based on an Olympus BX50WI
microscope (Center Valley, PA). A 473-nm DPSS laser was used as the
excitation light source. For optical recording, we used CoolSNAP-HQ
and Cascade 1K charge-coupled device (CCD) cameras (PhotoMetrics,
Tucson, AZ) to collect fluorescence images and ImageJ (http://rsbweb.
nih.gov/ij/) for data analysis. Before measuring fluorescence intensity, we
first used TurboReg to align the series of images. For final presentation
purposes, we modified original fluorescence images with green color later
in Figs. 2 and 3 and Fig. S1 in the Supporting Material. The fluorescent
cAMP analogs, 8-Fluo-cAMP and 8-NBD-cAMP, were obtained from
Biolog (Hayward, CA). All other chemicals were from Sigma (St. Louis,
MO).RESULTS
To specifically study cAMP binding to HCN channel
protein, we purified mHCN2 C-terminal fragment including
the CNBD and C-linker. We first used the ITC method to
measure the binding affinity. Our results showed that the
Kd values for cAMP and 8-NBD-cAMP were very close,
2.65 0.4 and 3.75 0.3 mM, respectively (Fig. 1 A). More-
over, we tested a mutant mHCN2 protein as the negative
control for ligand binding, mHCN2/R591E. This positively
charged residue is highly conserved across many different
types of proteins and has been shown to be critical for
cyclic-nucleotide binding (Fig. S1 A) (36). UsingBiophysical Journal 100(5) 1226–1232
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FIGURE 2 Activity-dependent increase in ligand
binding is inversely related to the concentrations of
ligands. (A) Bright field image of the membrane patch
(indicated by arrow) and fluorescence images collected
before (C1), at the beginning (V0), and near the end of
the voltage step (V). (B) (Top) Voltage protocol and the
timing of image collections. (Bottom) Corresponding
current trace. Synchronized CCD camera exposure time
is shown in the middle. (C) Increase in fluorescence inten-
sity versus duration of the voltage steps applied. (D)
Increase in fluorescence intensity versus 8-NBD-cAMP
concentration applied (in mM). A 3-s-long voltage step
was used to activate the channel.
1228 Wu et al.fluorescent 8-Fluo-cAMP as ligand, we determined the
R591E mutation reduced the binding affinity by ~1100
folds. To quantify the cAMP-dependent gating in HCN
channels, we measured the half-maximal effective concen-
tration, EC50 or K1/2, for cAMP to shift the voltage-depen-
dent channel activation curve. For cAMP, the K1/2 value is
well established to be ~0.1 mM (25,37). We tested
8-NBD-cAMP on HCN channel and found that it had very
similar effects on HCN channel gating, as shown by the
values of K1/2 (0.10 vs. 0.13 mM) and the maximal shift in
V1/2 (16.8 vs. 15.9 mV) (Fig. 1 B). Therefore, these results
confirmed the effectiveness of 8-NBD-cAMP in the
following study of cAMP-dependent gating in HCN
channel. Moreover, we chose 8-NBD-cAMP because it
fluoresces strongly in hydrophobic environments such as
the nucleotide-binding pocket in HCN channel. Based on
the emission spectra, we determined the ratio of the fluores-
cence intensity of 8-NBD-cAMP bound to HCN protein to
that of free 8-NBD-cAMP in the saline buffer with the
same concentration. The ratio was ~90 (Fig. 1 C; Fig. S1 B).
Next, we applied 8-NBD-cAMP to the intracellular side
of the patch pipette and measured the fluorescence signal
near the membrane patch in the recording pipette, which
ought to correspond to the molecules bound to the HCN
channel. With just 0.1 mM 8-NBD-cAMP applied and
a holding potential of 40 mV, we observed a significant
accumulation of fluorescence signal along the arc of theBiophysical Journal 100(5) 1226–1232membrane (C1 in Fig. 2 A). To ensure that the fluorescence
signal was directly correlated with 8-NBD-cAMP binding to
the HCN channel on the membrane patch, we performed
two negative control experiments with the mutant
mHCN2-R591E channel that has a much-reduced binding
affinity and uninjected oocytes (see Fig. S1, C and D). As
expected, we did not observe any accumulation of fluores-
cence signal near the membrane patches from either of the
negative controls, even though we detected robust HCN
currents from mHCN2-R591E mutant channel. Next we
studied whether the binding of 8-NBD-cAMP to mHCN2
channel is dependent on the channel activity. We applied
a hyperpolarizing voltage step from 40 to 150 mV to
activate the channel. Indeed, there was a steady increase
in fluorescence intensity parallel to the channel activation
(V0 and V in Fig. 2 A), which is in agreement with a recent
report (27). With a longer voltage step of 8 s, the increase in
cAMP binding became 169 5 17%, corresponding to an
approximately threefold increase in cAMP binding (Fig. 2,
B and C). This observation further confirmed that the
increase in 8-NBD-cAMP binding is in direct correlation
with the extent of channel opening.
We then asked whether this activity-dependent increase in
cAMP binding depends on the concentration of cAMP
applied, which will help distinguish between those two
models for protein allostery. The sequential induced-fit
model predicts that a protein in the resting state does not
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FIGURE 3 Comparing the time courses of the channel opening with
dynamic ligand binding. (A) Twenty images were collected along the
voltage step from 40 to 150 mV. (Top) Macroscopic current traces.
(Bottom) Real-time recording of the transistor-transistor logic signal from
the CCD camera exposure port showing the timing of image collection.
(B) (Top) Corresponding fluorescence images collected before (#2, refer-
ence), in the middle (#8) and near the end of the 3-s hyperpolarizing voltage
step (#12) to activate the channel. (Bottom) Fluorescence images collected
during the channel deactivation phase (#13, #16, #20). (C) (Top) Normal-
ized ionic current traces from different patches were averaged and fitted
with a single exponential function. (Bottom) Averaged fluorescence inten-
sities showing the time course of fluorescence intensity change.
PCF Study of cAMP-Gating in HCN Channel 1229bind to ligands, therefore the changes in ligand binding
should not depend on ligand concentration. On the contrary,
the cyclic allosteric models assume that the proteins in both
resting and active states are able to bind to ligands but with
different affinities. Thus, when ligand concentration is suffi-
ciently high, proteins in the active and resting states should
be saturated with ligands and thus, there should be no
further increase in ligand binding. To test this, we applied
different concentrations of 8-NBD-cAMP, and measured
the activity-dependent increase in binding. Our results
showed that when the cAMP concentration was close to or
lower than the value of K1/2 (0.1 mM), we could detect
a significant increase in cAMP binding. However, when
cAMP concentration was above 0.5 mM, only five times
higher than K1/2, the change in fluorescence intensity
became much smaller and was abolished at the concentra-
tion of 3 mM (Fig. 2 D). Thus, this clear inverse relationship
between cAMP concentration and the increase in activity-
dependent ligand binding provided direct evidence for the
cyclic allosteric models for the ligand-gating in HCN
channels.
The above experiments only addressed the changes in
cAMP binding in the steady state. To gain more insights
into the dynamic channel opening and cAMP binding, we
monitored the time course of cAMP binding to functioning
HCN channels and compared it to that of channel activation/
deactivation. For this purpose, we reduced the exposure time
of the CCD camera from 0.5 to 0.26 s and collected
a sequence of 20 images along the voltage protocol
(Fig. 3, A and B). During the activation phase, we observed
a close correlation between the increase in fluorescence
intensity and the channel activation (Fig. 3 C). Surprisingly,
during the deactivation phase, the kinetics of fluorescence
intensity showed a marked slowdown compared to that of
the current decrease. To further look into this discrepancy
between electrical and optical recordings during channel
deactivation, we applied a voltage protocol by activating
the channel to 150 mV and then tested the deactivation
by depolarizing voltage steps ranging from þ50 to
50 mV and followed the time-course of ligand unbinding
(Fig. 4, A–D). Indeed, the time constant for the decrease
in fluorescence signal, which corresponds to cAMP
unbinding, was approximately six times longer than that
of channel deactivation (Fig. 4 E). This observation indi-
cated that during HCN channel deactivation, channel
closing responds to the depolarizing voltage steps rapidly;
however, the dissociation of ligand from the binding pocket
proceeds with a much slower pace in a voltage-independent
manner.
Finally, we asked whether we could perturb the ligand
unbinding kinetics by simply altering the length of the
proceeding hyperpolarizing voltage step during channel
activation (Fig. 5 A). This experiment will further address
whether the slow reduction in fluorescence intensity is
more directly related to the channel activity or due to anunrelated mechanism. We adjusted the duration of the
voltage steps from 0.2 to 2 s, which resulted in a clear sepa-
ration of channel opening. Correspondingly, we observed an
approximately twofold change in the time constant for
ligand unbinding (Fig. 5 B). It was interesting to note that
with shorter voltage steps and less channel activation, the
ligand unbinding became significantly slower (Fig. 5 C).Biophysical Journal 100(5) 1226–1232
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FIGURE 4 cAMP unbinding proceeds slower than
channel closing during channel deactivation. (A) (Top)
Hyperpolarizing voltage step from 40 mV to
150 mV was used to activate the channel. Channel deac-
tivation was measured at the holding potential ofþ50 mV.
(Dashed box) Phase of channel deactivation. (Bottom)
Transistor-transistor logic output from the CCD camera
exposure port showing the timing of image collection.
Exposure time, 100 ms; frame rate, 6.6 frame/s. (B)
Voltage protocol and current trace of channel deactivation
measured at 50 mV. (C) Comparing the deactivation
kinetics of tail current (I) and fluorescence signal from
0.1 mM 8-NBD-cAMP (F) (þ50 mV). Each red circle
represents the normalized fluorescence intensity of the
corresponding image. (D) Deactivation kinetics of tail
current (I) and fluorescence (F) measured at 50 mV.
For comparison purpose, the fluorescence results were in-
verted. (E) Time constants for voltage-dependent channel
deactivation (black) or ligand unbinding (red) as a function
of the testing potentials during channel deactivation.
1230 Wu et al.These results not only directly confirmed that the slow
kinetic of ligand unbinding revealed by the fluorescence
signal was relevant to channel function, but also revealed
an intriguing relationship between the extent of channel
activation and the following ligand unbinding during
channel deactivation.DISCUSSION
Through simultaneous monitoring ligand binding and
channel opening, we directly showed that in HCN channel,
the voltage-dependent channel opening and the increase in
ligand binding are closely correlated. Moreover, our results
revealed an inverse relationship between the ligand concen-
tration and the increase in ligand binding. When cAMP
concentration was low (%0.1 mM, the value of K1/2), we de-
tected a robust increase in the activity-dependent ligand
binding. In contrast, with the ligand concentration increased
by just fivefold, the change in ligand binding became less
obvious, which suggested that both the closed and open
states were saturated with ligands and no further increase
in ligand binding could be detected. Thus, our resultsBiophysical Journal 100(5) 1226–1232provided a direct support for the cyclic allosteric models
and further confirmed that protein allostery can be imple-
mented by adapting the ligand binding affinities according
to the functional states of the whole protein.
Consistent with a previous study, we observed a similar
kinetics in channel activation and the increase in ligand
binding. However, ligand unbinding was much slower
compared with the channel deactivation, which was
different from previous report (27). This discrepancy could
partially be related to the different cAMP analogs used by
two studies. The cAMP analog used in this study carries
the NBD group, which is of relatively small size and does
not carry any extra electrostatic charges. Moreover, it shares
similar chemical properties to the purine ring in the cAMP
molecule to which it is attached. We measured the dissoci-
ation constant, Kd, by biochemical assays and the effective
dissociation constant, K1/2, by electrophysiology recordings.
We did not find any major differences between cAMP and
this fluorescent analog. Moreover, 8-NBD-cAMP is almost
nonfluorescent in saline solutions. As confirmed by two
negative controls, it was not necessary to use another
nonspecific dye to help define the membrane region, which
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FIGURE 5 The kinetics of ligand unbinding depends on the duration of
the proceeding voltage activation step. (A) Representative current traces in
response to a series of voltage steps from the holding potential of 40 mV
to a hyperpolarizing 150 mVof different durations. The voltage protocol
used is shown on the top. (B) The corresponding fluorescence intensity cor-
responding to the ligand unbinding process. The CCD camera exposure
time of the 0.2 s activation step (black traces) was shown as an example
(bottom). For comparison purpose, we used 100 ms exposure time and
collected the data at a rate 5 frames/s for all recordings. (C) Time constants
for channel deactivation (black) or ligand unbinding (red) as a function of
the duration of the hyperpolarizing voltage steps.
PCF Study of cAMP-Gating in HCN Channel 1231improved the signal/noise ratio of the optical recording,
especially at lower ligand concentrations. Taken together,
the mismatch between channel closing and ligand unbinding
in our study should be relevant to the HCN channel activi-
ties. Further support came from the results shown in
Fig. 5, that the ligand unbinding kinetics was indeed corre-
lated with the extent of channel activation.
What is the molecular basis for the mismatch between
channel deactivation and ligand unbinding? It is highly
possible that the coupling betweenvoltage sensor and channel
gate is a faster molecular process than the coupling between
voltage sensor and the cAMP binding domain, which is
most likely mediated by the interactions between S4-S5linker and the C-linker region downstream from S6
(38,39). After the HCN channel gate closes, the C-linker
and CNBD might still be in the process of adaptation to
membrane repolarization, which results in the delay in
releasing the bound ligands. Further pursuing the correspond-
ing molecular basis should help delineate the details during
cAMP-dependent gating in HCN channels. From the aspect
of physiology, it is intriguing to speculate on the function of
those lingering cAMP molecules still bound to the channels
in the deactivation state. Those cAMPmolecules could affect
the channel’s response to the subsequent stimulations, such as
the changes in membrane potential, cAMP concentration, or
other factors affecting HCN channel’s function. Alterna-
tively, it is possible that the slow cAMP unbinding directly
affect the spatial and temporal profiles of the local cAMP
signaling and thus exert important physiological functions.
This is highly possible in the spatially restricted region where
high densities of HCN channel express, e.g., in neuronal
dendrites or sinus nodal cells (40–43).
Most ion channel research aims to clarify the molecular
coupling between voltage and ligand stimulations to channel
gating. For voltage-gated ion channels, the characterizationof
the gating current as well as later voltage-clamp fluorometry
experiments on the movements of voltage sensors have
provided many insights into the molecular events preceding
the gate opening (22,44–46). Equivalently for ligand-gated
ion channels, this research strategy of applying patch-clamp
fluorometry using fluorescent ligands as an indicator for
ligand binding is powerful in separately addressing ligand
binding from ligand gating, which had been a difficult task
in the study of ligand-gated ion channel (11). As a continua-
tion to those pioneering studies using a combination of elec-
trical and optical recording techniques in this field
(27,29,31,47,48), our study provides what we believe to be
novel insights into the cAMP-dependent gating inHCNchan-
nels and the implementation of protein allostery in general.SUPPORTING MATERIAL
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